Introduction
Liquid Crystal Variable Retarders (LCVRs) have been widely used as polarization devices for polarimetric applications providing a variable optical retardance without the need of moving any mechanical parts [1] [2] [3] [4] [5] . In this sense, they have been used in ground telescopes [6] [7] [8] and furthermore, they have a promising future in aerospace applications for polarization analysis thanks to their other advantages as low mass and low power consumption.
The Imaging Magnetograph eXperiment (IMaX) 9 is one of the three instruments of the payload of the SUNRISE balloon project within the NASA Long Duration Balloon program.
SUNRISE is a stratospheric balloon to be flown from Antarctica to study solar magnetic fields resolving the critical length scale of 100 km in the solar photosphere.
IMaX is a diffraction limited imager which will carry out spectroscopic measurements with resolutions in the 50.000-100.000 range and capable to perform polarization measurements.
Following this goal, IMaX works as a polarimeter (IMaX must be able to measure the four Stokes parameters of a Zeeman sensitive solar spectral line), as a spectrometer (IMaX should provide a spectral resolution better than 100 mÅ) and as a diffraction limited imager (IMaX must be diffraction limited, Strehl ratio > 0.8).
The solutions adopted by the project to fulfill all these goals have been the use of LCVR for the polarization modulation, one LiNbO 3 etalon in double pass provided by ACPO/CSIRO (Australian Center for Precision Optics) and two modern CCD detectors provided by Photonic Science (custom made, based on the E2V CCD47-20 chip) that allow the application of phase diversity techniques 10 by slightly changing the focus of one of the CCDs.
Any on-board element used for aerospace applications must be space-qualified, i.e. it must be able to survive the hazards of operation in space due to harsh environmental conditions, and it must be low risk. Results of optical retardance and response time as a function of applied voltage, which establish the features and reliability of LCVRs, are shown. Values of transmittance and wavefront distortion, which are important concerning the optical design of one instrument that includes LCVRs as active components, are also included in this paper.
Few previous works present only the LCVR survivability under extreme vacuum, temperature and radiation conditions 11 including measurements of optical retardance after exposure to gamma radiation 12 . Our paper presents measurements of the optical parameters mentioned above during thermal-vacuum cycling, and the change of the same parameters after vibration, landing shock, gamma and UV radiation tests. Outgassing measurements of the different materials than constitute the LCVR are also reported.
4

LCVR description
A LCVR consists of a nematic LC layer embedded between two glass (fused silica)
plates, two transparent ITO (Indium Tin Oxide) conductive films and two alignment (polyimide)
layers. The polyimide layer forces an initial orientation of the LC molecules in a direction parallel to that of the silica plates. By the application of a voltage through the ITO films, a homogenous electric field is generated inside the cavity that forces a reorientation of the LC molecules, thanks to the dielectric anisotropy they present. A balance between the anchoring forces due to the polyimide and the electric field must be reached, and that permits a variable final orientation of the molecules depending on the strength of the field. However, there exists a voltage, below of which no reorientation by the external field is possible. It is known as the threshold voltage, and defines the point at which the molecules begin to reorient, known as the Fréedericksz transition. This threshold voltage depends on the anchoring force and is linear with the square root of the splay elastic constant of the LC 13 .
The detailed structure of the LCVRs to be used in IMaX is shown in Fig. 1 Test Campaign Description Table 1 shows the tests that have been carried out in order to analyze the variation of the LCVR performances when they are immersed in a space environment.
All the optical parameters were measured before the start of each test in order to have a reference measurement. It is important to note that during the thermal-vacuum test, the optical parameters were measured in situ for different temperatures. In the rest of the tests, the optical parameters of interest were measured after the test to evaluate the changes.
Measurement of optical parameters
The 
Retardance and response time measurements
The null ellipsometer used to measure the optical retardance (δ) and the response time (τ) of the
LCVRs is an optical instrument usually employed to measure the optical properties of materials.
It is based on the measurement of changes in the state of polarization and therefore it avoids intensity measurements by setting a minimum ("null" condition) of light power in the detector and provides directly the retardance value.
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The ellipsometer configuration used was a PSCA (Polarizer-Sample-CompensatorAnalyzer) 14 in transmission mode with a HeNe laser. Measurements following increase and decrease of the applied voltages were performed in order to identify possible hysteresis behavior.
The response time is the time needed for the LCVR to reach a new polarization state motivated by a voltage change. The state changes will be defined by two voltages (V i , V d ) being change between 10% and 90% of the total intensity measured by the ellipsometer photodetector.
The retardance and response time measurements at different temperatures were performed with the two arms of the null ellipsometer located outside the thermal vacuum chamber (TVC) and placed onto two stabilized tables (similar to the setup shown in Fig. 2 ).
Wavefront error
In order to analyze the optical quality, the wavefront distortion when a beam is transmitted through the LCVR has been measured with a Fizeau interferometer (ZYGO GPI-XP) based on phase-modulated measurements. This is an important factor to be taken into account when designing an instrument.
The wavefront measurements at different temperatures were performed with the ZYGO interferometer placed outside the TVC and onto a stabilized table, and the LCVR under test mounted inside the TVC in the same mount used in the retardance measurements (see Fig. 2 ).
The mount has two physical holes in order to be able to take one reference measurement as well as the LCVR measurement for each ambient condition. The interferometer beam goes through both, the LCVR and the reference plate holes; the beam is then folded by one mirror at 45º and goes down to one reference plate used to form the null cavity. The reference plate is a plane 7 parallel glass with an optical quality of ~λ/90 (where λ is the wavelength of the HeNe laser of the interferometer, 633 nm).
Transmittance
The measurements were carried out with an Optical Spectrum Analyzer (SPECTRO 320, Instrument Systems) from 350 to 800 nm always before and after the tests.
Results
Thermal-vacuum test
Before initializing the thermal-vacuum test, it was verified that the quartz windows of the TVC have no influence on the retardance measurements.
When the TVC was pumped down to ~ 10 -5 mbar, the retardance showed no change under vacuum conditions.
The retardance measurements in vacuum made at different temperatures between −20 and +40 ºC are shown in Fig. 3 . In this case all the measurements correspond to the rising of voltages.
Note that there are two measurements at +20 ºC: the first one was performed before the start of the test and the other one was performed when the LCVR had undergone seven complete temperature cycles. It is important to note that there was not appreciable hysteresis at none of the temperatures analyzed. From Fig. 3 it can be concluded that the LCVR retardance did not change after seven temperature cycles and this confirmed that the life time period of the LCVRs can operate within this temperature range (albeit with a different calibration).
From the data depicted in Fig. 3 , it can be appreciated that the retardance changes more strongly with temperature for small voltages. If this was due to an effect of a change of refractive index of the molecules of the LC with temperature, the effect would be a constant factor equal for all voltages. Instead, the observed behavior is explained by the relation of the ordering of the LC molecules with temperature. The order parameter S is defined as (see Ref. 13):
where θ stands for the angle between the main axis of a particular molecule and the average orientation of all molecules, and < > means an average over the entire system.
Defined in this way, S=1 corresponds to a perfectly aligned LC, and S=0 to an isotropic state. It is well known that S decreases with temperature 15 and that, near the nematic-isotropic transition temperature (T c ), it drops non-continuously to zero. The behavior with temperature can be explained because, as molecules gain energy, they can depart more from order than at lower temperatures, due to combined effects of entropy and energy. In the absence of applied voltage, the maximum retardance is obtained because the director is parallel to the interfaces. If not all the molecules are perfectly aligned in this direction (S<1), then the retardance is lower.
Therefore, as temperature increases, S and δ decrease. Thus, from the measurements of retardance as a function of temperature, the behavior of S with temperature can be extracted.
Traditionally, retardance has been related to S through Haller's approximation 16, 17 , which involves a three parameter fitting procedure. However, the appropriateness of the Haller's approximation has been discussed recently 18 because it usually yields values of S which are not compatible with the ones predicted by theory 13 . The improved relationship derived in Ref. 18 augments the number of free parameters to fit, but our experimental data volume was found to be inappropriate for the use of this procedure. Because our intention is to estimate the order 9 parameter in our samples, an approximate calculation of S through the Haller's approximation will be used to be able to predict the general behavior in a wider range of temperatures:
where δ 0 is the retardance for S=1 and β is a critical exponent related to the phase transition.
In Fig. 4 the fits of Eq. (2) When a voltage is applied, the behavior is more complex, as now the order parameter is affected by the strength of the applied field. Nevertheless, it is normal to assume that the higher the voltage, the lower the sensitivity of retardance with temperature, as the main role for the ordering of the molecules is assumed by the electric field. This effect can be visualized in Fig. 5 where the retardance measurements versus temperature for V p = 0, 4, 8 and 14 V are shown with the same vertical scale for the last 3 measurements in order to better visualize the differences. It can be seen that the dependence of response time on temperature is simple for all voltage changes: as the temperature decreases, the response times increases, as expected due to the approach to the liquid-crystal to solid transition.
It is considered that the visco-elastic coefficient, γ 1 /κ 1 (being γ 1 the rotational viscosity and κ 1 the splay elastic constant) plays the major role in response time temperature dependence (see Ref. 16 ) and found to be proportional to it 19 . As κ 1 ∝ S 2 , and
, where E is the diffusion activation energy and k Boltzmann's constant), it is obtained:
where A is a constant dependent on the particular transition, and B is a constant common for all transitions and dependent only on the LC.
In Fig. 6 , the lines represent the simultaneous fit of all the experimental data to Eq. (3). It was found that Eq. (3) explains very well the observed behavior, and from all measurements T 0 = −65 ± 6 ºC and B/k=(3.1 ± 0.6)·10 K.
It can be concluded that depending on the application, the operating temperature could be chosen taking into account the information depicted in Fig 4 and the response time behavior since as temperature increases, response times are lower but maximum retardance for V p = 0 V decreases.
In addition, it can be noted that the maximum response time takes place for the transition The transmittance of the two LCVRs used for the retardance and response time measurements (seven thermal cycles between −35 and 40 ºC) and the wavefront error measurements (one cycle between −20 and 40 ºC) were measured after the thermal-vacuum tests described above. Fig. 8 shows the transmittance measured before, after the complete thermal-vacuum tests and 2 months afterwards in the case of the LCVR used for retardance measurements, Fig. 8a .
The ITO coatings used to make the LCVR cavity also give rise to a low-finesse etalon whose intensity modulations can be observed in the wavelength transmission curves. As it can be seen in Fig. 8a and Fig. 8b , the changes after the thermal cycling and after 2 months stay within the amplitude of the etalon induced fluctuations.
Gamma radiation test
A 60 Co source was used inside a water pool at atmospheric pressure and room temperature. The sample holder was located inside the underwater casing at the adequate distance to irradiate with a dose rate of 500 rad/h. The
60
Co sources should be arranged inside the pool so that the dose received by the LCVR is homogeneous within ~ 90%.
The LCVR-V was irradiated up to 54 krad following three exposures at a dose rate of 500 rad/hour in order to study the response of the LCVRs to different total doses.
The LCVR optical parameters of interest were measured after ~12 h and during a twomonth period after each step of γ dose in order to analyze its degradation and to study possible relaxation effects. 
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The response times measured after each irradiation step were performed between the same optical retardances and therefore, the voltages applied to the LCVRs were different in each case. The results measurements show that the response time measured after the LCVR was irradiated with doses of 10 and 20 krad increased; it can be also appreciated a diminution tendency in response time after a total dose of 54 krad possibly due to the different voltages applied in each case.
There are no clear differences between the wavefront deformation values measured before and after irradiations of 10 and 20 krad. After higher doses (54 krad), it could be appreciated a small diminution tendency in wavefront error.
The transmittance of the LCVR measured after having been irradiated is shown in Fig.   10 . It can be clearly noted that the transmittance decreases with the total dose and this dependency is nearly linear for λ IMaX = 525 nm (see inset of Fig. 10 ).
The reduction in the LCVR transmittance can be related to transmittance losses of the fused silica, the polyimide, the ITO conductive thin film and/or the LC. Since the ITO layer is very thin (250 Å thick), its influence can be discarded. On the other hand, it has been measured that the transmittance change of the fused silica after having received a total dose of 200 krad is negligible 15 compared to the transmittance changes shown in Fig. 10 . Therefore, the drop of the transmittance of the LCVR can be mainly attributed to an effect on the polyimide or on the LC.
Further studies will help to clarify this issue.
Some more measurements were performed during a two-month period in order to study possible relaxation processes of the molecules of the polyimide and/or the LC of the LCVR. It was observed that the transmittance stays at the same level two months and six months after having been irradiated with a total dose of 54 krad.
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UV radiation Test
Previous space environment tests of LCs 11, 12 show that the only damage occurs with UV exposure 11 . Since during SUNRISE flight the UV radiation received by the instruments will be negligible, the total doses considered in this test have been chosen according to previous studies in order to evaluate the use of the LCVR in future aerospace applications 11, 12 .
The test was performed at 25 ºC and a pressure between 1 and 5·10 -5 bar. The temperature of the LCVR during the test could not be controlled and some thermocouples placed onto the face looking at the UV source measured temperatures much higher than 25 ºC (~ 180 ºC in some cases), confirming that there is an enormous gradient of temperature between the surface of the holder and the surface of the LCVR which is facing the UV source.
It was observed by visual inspection that the LCVR turned yellowish after the first UV radiation exposure of ~ 30 ESH, and there was no retardance with or without applying voltages after this exposure. Therefore, it was observed that the LC is totally degraded under exposures of UV equals to ~ 30 ESH and some shielding would be needed when using these devices as polarization elements in an aerospace platform. However, the enormous gradient of temperature could have been the reason of degradation of the LCVR and further studies would have to be performed.
The wavefront error transmitted by two LCVRs was measured after each UV exposure.
The rms value increased from λ/28.57 to λ/8 after an UV irradiation of ~ 61.41 ESH and in the other case, it increased from λ/19.61 to λ/7.3 after an UV irradiation of ~ 30.63 ESH. Thus UV radiation of tens of ESH not only prevents the proper functioning of the LCVR as a retarder, but it also increases the degradation of the transmitted wavefront error by the device. 
Vibration and dynamic test
The LCVR to be tested was placed in the IMaX structural mount, which will hold two LCVRs and one pre-filter during SUNRISE mission. Different loads (random and shock) were applied on each axis in order to qualify the LCVR as well as the mechanical mount.
The retardance measured before and one week after vibration test shows an increment in the region of greatest slope. However, the retardance remains almost the same after the test for V p > 10 V. Further studies need to be done to study the vibration effect.
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The response times measured after the vibration test are within the limits of good performance for IMaX (a few ms).
It was observed that the wavefront deformation has a small tendency to increase after the vibration test.
It was observed a slight increment of the transmittance of ~ 3 % after the vibration test for λ IMaX but it is important to note that the visibility of the Fabry-Perot interference decreased
Non-Operative Temperatures Test
According to standard procedures followed in Space Programs, after the vibration/dynamic test mentioned before, the LCVR was submitted to a thermal-vacuum test; the temperatures considered in this test were chosen according to the temperatures defined by the project in the non-operative limits: from −65 ºC to 70 ºC.
The LCVR was degraded after the test since the optical retardance did not change by applying different peak voltages and was always ~ 460 deg. The LC molecules normally support this range of temperatures and therefore, it can be concluded from this result that, even if the LC was still inside the fused silica cell, its operation performance was not adequate and further studies to asses the combined effect between vibration and non-operative temperatures are needed.
Outgassing Test
The vacuum chamber facility used for this test only accepted samples with dimensions ~ 2 × 2 cm 2 and therefore, only the elements more prone to outgassing under vacuum conditions have been individually analyzed: Struct Bond XN-5A (used to assemble the LCVR cell), ThreeBond 3026 B (used to seal the LCVR cell), ThreeBond 5030 (used to stick the cables on the LCVR fused silica) and the cables. The values obtained from the test are shown in Table 2 .
The European Cooperation for Space Standardization 21 accepts WLT < 1% for outgassing of materials. If WLT > 1% and the WLR < 1%, the material is also acceptable.
However, if WLT > 1% and the WLR > 1%, the component is not acceptable. For the volatiles mass, the standard accepts values of VCM < 0.1 %.
It can be seen from the values in Table 2 that none of the components of the LCVR used up to now fulfill the ESA standard recommendations but they are acceptable for the SUNRISE program since it is a short time mission. For future aerospace missions it would be necessary to define the outgassing limits and change the materials accordingly. Thermal-Vacuum
• Operational levels: T= -20 ºC to +40 ºC (P = 10 -6 mbar)
• Non-Operational levels: T= -65 to 70 ºC (P = 10 -6 mbar)
Vibration/ dynamic test SE QUITA
